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Task I (continued)

for most of the flow conditions, with some exceptions where single droplet ignition
appeared to be present. The experimental data were found to be in agreement with existing
vapor ignition theory for the ranges of conditions studied.

, -- In Task II two combustion tunnel facilities were used to investigate the stabilization
of aircraft fires. -2The largest of these has two rectangular test sections, 0.15 x 0.2 m,
and 0.3 x 0.3 m. Vee-gutter flameholders with included angles from 300 to 1800 and widths
to 10 cm were tested, with the usual orientation of the gutters. Tests were also conducted
with a flat plate mounted normal to the top of the test section to creatr a single-vortex
flow pattern. Velocities from 30 to 200 m/sec, temperatures from 373 K to 565 K, and
effective pressures from 4.2 to 35.2 kPa were employed in the tests. S ability characterisi
were assessed using the well-established water injection technique. 'he-"results obtained'
showed that the shape of a bluff-body flareholder affects its stabiliLy c~aracteristics
through its influence on the size and shape of the wake region. Another significant findinc
was that the flaxeholding properties of the single-vortex flow pattern are markedly superior

S to those of the double-vortex pattern.%

The extensive experimental results oh biowoff velocity, obtained using both conventional
Vee-gutter and single sided flameholders, provided the data base for an analytical study of
the factors governing the stability characteristics of bluff-body flameholders. .n enuatior
was derived for predicting blowoff velocity in terms of flameholder size, flameholder blockz
ambient air pressure and temprature, and laminar flame sueed. Predictions of blowoff
velocity based on this equation showed excellent agreement with the experimental values
obtained in this investigation and with the published results of other workers. The measurc
ments of blowoff velocity obtained for both gaseous and liquid fuels, generally confirmed
theoretical predictions in rerard to the dependence of peak blowoff velocity on laminar
flame speed. They also showed that gas turbine fuels in the range from Jet A to diesel oil
(DF2) exhibit very similar flainehcldinq characteristics, since their laminar flame speeds
are virtually the same.
A series -1 tests carried out on flameholders of irregular shape showed that any irregularit

in the shape of a bluff body tends to diminish its stability. The results indicate that th,
,. most effective flameholder is one that produces a wake region having the minimum surface

area to volume ratio.

"KIn Task III experimental studies.have beer/conducted on.t-ha-following: -{i yEntrainment of
an external flow into a cavity, with a small opening or vent in a side wall, when there is a
small flow through the cavity; and 44!ýf AFluid dynamics and ignition and flame stability
characteristics of a jet of gaseous fuel through a protrusion of different shapes and
heights in the wall of a cavity with a Small flow of air through the cavity. -'Flow and flamr
visualization have been utilized for determining the flow and flame characteristics.-
Locations where ignition is feasible and lean limits for ignition have been established.
Based on an analytical model, the turbulent, inert and reactive, flowfields have been
predicted utilizing a three-dimensional reactive flow prediction code. The predictions,
generally :nore satisfactory in the region downstream of the protrusion, confirm the importan'
of residence time and mixturs ratio in vorticity-concentration regions, shear levels and
recirculation zones, attached or submerged, in ignition, flame location and flame stability.
These findings are of relevance in cavity fires and design of blocker-type injectors for
gas turbines and ramjets. AccesiOn'For
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Ta3k- I

IGNITION OF FUEL SPRAYS BY HOT SURFACES

J.G. Skifstaci



Phase I. Ignition of Fuel Sprays by Hot Surfaces (J.G. Skifstad)

This experimental investigation was undertaken to explore the nature of fuel spray/air
ign;tion by hot surfaces. The problem considered may be viewed as that of a uniform fuel
sp'.ay/air mixture in a prepared momentum boundary layer encountering a step change in
the wall temperature. The thermal boundary laver grows along the heated surface and
preignition reactions occur in n region near the wall. Ignition of the fuel vapor in the
boundary layer will occur if conditions are such as to support the growth of a suitable
ignition kernel. For fuel spray/air mixtures, ignition can also occur in the fuel vapor/air
mixture surrounding an individual droplet in the boundary layer flow. Irn that case tile
burning mixture can be transported with the droplet, which mav or may no' remain in the
boundary layer. The experiments were c'nducted with Jet-A fuel and also wL,: , _-vous
propane. Propane was selected to make a connection between the data obtained with the
new apparatus and data in the literature and because propane and kerosine exhibit similar
ignition behavior.

The experimental apparatus designed for the study had provisions for creating suitable
flow conditions and for making measurements in the boundary layer under conditions
approaching ignition. The ranges of flow conditions under which ignition was investigated
were:

Free stream velocity I to 5 m/s5
Momentum thickness of the b.W. 3 to 20 mm
Free-stream air temperature ,tO to 250 C
Fuel concentration Ignitability limits
Droplet size (SM!D) 20 to 200 microns

The design of the system was such that those parameters could be varied independently.
The temperature of the isothermal wall when ignition events occurred was determined for
the range of conditions given. Local measurements of velocity. "turbulence" intensity, fuel
concentration, and the fraction of fuel vaporized were made in the boundary layer at
surface temperatures just below that required for ignition

The hot surface in the experimental apparatus was the inner wall of an axisymmetric
duct oriented vertically with the flow upward. The fuel spray was injected into a suitably
prepared air flow in a manner such that the air Pow was not greatly disturbed. In
determining the temperature of the heated wall at whi'h ignition ,currred, the flow
conditions were first established and the te'mperature of the heated wall was raised slowly
(0 1 (leg. C/see) until ignition was observed. Ignition events were dr.tocted hoth by means
of a photodiode and by visual obscrvati,,n-. All ignition data relVr•ed corresponded to
events lcading; to development of a flame consuming Ihr, entire combustible mixture.
Ignition results were not found to be sensitive to the precise rate of heating of the wall.

It is useful to note that for virtually all of the runs made in this investigation, the fuel
in the boundary laver was in the form of vapor. Under .)mne conditions, however, a few
large droplets evidently penetrated the boundary laver and impacted on the wall, as could
be detected by a diminution of the local luminositv of the wall. And for conditions near the
lean limit, ignition of the combustible mixture in the vicinity of indivuiial droplets was
observed. Except for the effects of the spray in'cooling the outer portion, of the boundary 4
layer by evaporation and in contributing to the range of equivalence ratio present in the
boundarv layer, the situation would be expected ro bear a close resemblance to the ignition



of gaseous fuel/air mixtures.

The surface materials employed in the study were stainless steel and pure nickel.
Sections of 2-inch Schedule 40 pipe (5.08 cm i.d., 4.75 mm wall, 15.25 cm long) were utilized.
The relatively thick wall served both to help minimize streamwise tem. prature variations
of the wall temperature and to reduce the coupling of gas-phase thermal transients in the
growth of an ignition kernel with local thermal transients in the wall proverties. Seven
thermocouples situated close to the inner surface at positions distributed along the duct
served to monitor the wall temperature. The duct was heated by means of two, 2-kw
CALROD units wrapped on its outer surface, and the entire assembly was insulated. The
nickel surface exhibited serious oxidation under fuel-rich conditions, and it was accordingly
difficult to obtain data representative of a clean nickel surface. The oxide coating
generally tended to increase the wall temperature at ignition, and also tended to render
crratic results for similar run conditions. While no intensive effort was made to determine
contributions of heterogeneous reactions to those results, those observations seemed to be
attributable to the insulating effect of the oxide flakes formed. The stainless steel also
oxidized, but with a less severe effect on the ignition results.

Several velocity profiles were employed in the investigations reported. A "uniform"
profile was established for most or the run conditions with propane, such that the velocity
variation across the flow was within a few percent of being constant to within a few mm i
from the wall of the duct; the boundary layer thickness at the exit plane of the test section
was about 5 mm.. To represent thicker boundary layers, at the start of the heated section
the flow conditioning was arranged to provide a flow with a radial distribution peaked at
the center, termed a "developed" profile. The ratio of the peak velocity to the bulk velocity
for the "developed" profile increased roughly linearly with bulk velocity, t.o a maximum
value of about 1.6 at a bulk velocity of 3.3 m/sec. The boundary layer thickness measured
for the "developed" profiles at the exit of the test section, however, remained nearly the
same for the ranges of bulk velocity considered. The boundary layers studied were
predominantly laminar ones, subject to some level of "turbulence" in the free-stream core of
the flow.

The principal evidence yielded by the experiments may be summarized as follows.

1) The surface temperature necessary for ignition decreased with increasing thicknes.; of the
momentum boundary layer at the start of the heated surface.

2) The surface tcmperature necessary for ignition increased with increasing free-stream.
velocity.

3) The surface temperature for ignition was lowest under stoichiometric bulk mixture

conditions and increased for off-stoichiometric bulk compositions, as has b2en observed in
ordinary fuel ignition studies.

4

-1) Wide ranges of droplet sizes had little effect on fuel ignition; that could be attributed
partly to the fact that under the flow conditions of interest here, virtually all of the fuel in
the boundary laver was vaporized.

5) Increasing the temperature of the bulk mixture lowered the wall temperature required
for ignition.
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6) Both qualitative and quantitative evidencC supported the iinfcrelucc that the thermal
effect of vaporization of the fuel in the boundary layer was a significant factor in the
ignition of a fuel spray, apart from the role of vaporization in merely establishing a
combustible fuel/air spray.

7) A qualitative argument describing the ignition process ii terms of the spontaneous
ignition temperature of the fuel vapor and the thermal boundary layer thickness could
adequately represent the general behavior of the ignition process for virtually all of the
runs made in this study, supporting the conclusion that the thermal boundary layer
thickness plays a dominant role in the problem.

While the experimental evidence is qualitatively consistent with simplified models of
vapor ignition in a boundary layer flow, the influence of the transport of fuel to the

V boundary layer region via droplet motion remains to be investigated analytically, but could
be expected to be prominent, importance in the problem. The evidence gathered in these
experiments is being employed to make some assessment of those effects by employing the
modified CONCIIAS-SPRAY code

"Reports and Publications

1. Skifstad, J.G., et al., "Ignition of Fuel Sprays by Ilot Surfaces and Stabilization of
Aircraft Fires," AFOSR TR-79-0079 (ADA065153) November, 1978.

2. Graves, C.B., Tang, Y.L.. and Skifstad, J.C., "Ignition oi a Fuel Spray by a Hot
Surface," .. IAA Paper 85-1318, AIAA/SAE/ASME 21st Joint Propulsion Conference,
Monterey, CA, ,July, 1985.

3. Graves, O.B., Tang, Y.L., and Skifstad, J.G., "Experimental Apparatus for Studying
the Ignition of a Fuel Spray by a Hot Surface". AIAA Paper 85-1317,
AIAA/SAE/ASME 21st Joint Propulsion Conference, Monterey, CA, July, 1985.

.1. Graves, C.B., Tang, Y.L., and Skifstad, .. G., "Ignition of a Fuel Spray by a lot
Surface," article to be published in the AIAA Journal, fall, 1986.

5. Skifstad, J.G., "An Automated Imaging-Type Spray Analysis System for Local Spray
Properties" presented at the ICLASS-82 meeting in Madison, \VI, 1982.

6. Skifstad, J.O., "Microscopic Airblast Atomizers" .presented at. the ICLASS-82 meeting
2$ in Madison, WI, 1982.

Advanced Degrees

1. Kelly, M.S., "Probe System for Composition Measurement of Fuel Spray/Air
Mixtures." M.S. Thesis, School of Mechanical Engineering. Purdue University, W'.
Lafayette, IN 47907 (1983).

2. Sacksteder, K.IR., "A Laser Doppler Anemometer for Measurements in Fuel Sprays,"
NMS. Thesis, School of Mechanical Engineering, Purdue University, W. Lafayette, IN
47906 (1982).

3. Graves, C.B., "Spray Ignition 6y a Ilot Surface". M.S. Thesis, School of Mechanical
Engineering, Purdue University, WV. Lafayette, IN '17907 (198,1)

-,. Tang, Y.L., "Numerical Investigation of Fuel Spray Ignition by a Ilot Surface," Ph.D.
Thesis, School of Mechanical Engineering, Purdue University, \\. Lafayette, IN 47907
(in preparation).
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STABILIZATION OF AIRCR AFT FIRES

A.ll. Lefebvre



TASK !1 - SUMMIAY

1. Reporting Period: 5/81 thru 3/31/86

2. Starting Date: 11/15/81

3. Objectives: To investigate the flame stabilization characteristics of flainch.,lders of
N large size and irregular shape, and to derive theoretical relat.ionships for blowoll velocity in

terms of ambient pressure, temperature, flameholder size and flameholder shape. Also to
investigate the influence of fuel type on flameholding characteristics.

4. Relevance: The results obtained in this study enable conditions to be prescribed under
which regions of separated flow on an airframe could stabilize a flame. These results cover
all fuels of interest to the Air Force in the forsecable future.

5. Principal Finding: The most important. outcome of the research was the derivation of
an equation, supported by experimental data, for predicting the blowoff velocity of a
stabilized flame in terms of flameholder size, flameholder shape, and ambient air conditions.
This equation can be used to predict the minimum size of airframe structural protrusion
needed to stabilize a flame for any stipulated conditions of aircraft flight speed and
altitude.

b. Publications: The work has resulted in t'our journal publications (rcfs. 3 thru 6) and two
ASME awards.

7. Interactions: The equation derived for blowvoff velocity is directly applicable to the
design of flameholders for afterburners and rainjet systems.

8. Personnel: The key people employed on this program, in addition to the principal
investigator (A.H. Lefebvre) were Visiting Schola-s l)r. K.V.L. Rao (now Deputy Director of
the National Aeronautical Laboratory in Bangalore, India) and Dr. N.K. Rizk (now in the
Combustion DeparLment o01 Allison Car, Turbines), and graduate student. R.M. Stwalley.

o-.. 
- -
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Introduction

One objective of the research was to extend the range of experimental data orn the
stabilization properties of bluff-body flanehiolders to include Ilameholders of large size
(characteristic dimension up to 10 cm) and irregular shape, such as might arise on the
external surface of an aircraft due to structural damage. Another goal was to derive
suitable theoretical relationships for blowofi" velocity for the extended range of flarmc holder
size,; and shapes.

,,:, The stabilizing performance of a bluff-body flarneholder is usually described either in
terms of the range of equivalence ratios over which stable combustion can be achieved, or
by the maximuni flow velocity that tile system can tolerate before flame ext.inction occurs.
Both aspects are important in practical combustion systems. In a prior study sponsored by
the U.S. Air Force Ballal and Lefebvre 1,21 investigated in detail the factors that govern
the lean blowoff limits of bluff-body stabilized flames supplied either with homogeneous
combustible mixtures or with heterogeneous mixturcs of fuel drops of air. Their model for

ithe mechanism of lean blowoff provides very satisfactory correlation of their experimental
data as well as the results obtained by other workers !31. Unfortunately, the model is valid
only for equivalence ratios below around 0.7. This limitation led to the development of a
further model for predicting peak blowoff velocities which usually occur at or near the
stoichiometric fuel/air ratio 131.

Due to apparatus limitations, in particular the difficulty and high cost of providing high

air flow rates at low (subatmospheric) pressures, most of the previous work on hluTff-body
*$ flame stabilization has utilized fan air. This is essentially at. atmospheric pressure, so that
*i: where the flameholders tested have been of a practical size, the results have usually been

confined to very weak or very rich mixtures. Where tests have been carried out in the most
interesting fuel/air ratio range, i.e., near stoichiometric, either velocities have been very

* high or dimensions very small. In either event extrapolation to practical velocities or
practical dimensions has been a somewhat duhiouq process. It is difficult to extrapolate
dimensions because any such extrapolation must also take into account effects arising from
a change in "blockage". It is equally difficult to extrapolate velocities because at high
"velocities compressibility effects can change the flow pattern in and around the combustion
zone.

In this investigation these problems were surmounted using the well-established "water
injection technique" in which low pressures are simulated by injecting water or steam into
the fuel-air mixture flowing into the combustion zone. This approach allows complete
stability loops to be drawn for large ilameholders, up to 10 cin in effective width, at.
simulated pressures down to one-twentieth of an atinot;pherc.

Expcrimental

The main advantage of the water injection technique is that it allows; the combustion
performance of large scale coIihustiom, systems to be fully evaluated while operating within
their normal range of velocities and fuel/air ratios. Air is supplied at normad atmospheric
pressure, usual!y from a fan, and lower pressures are simulated by introducing water into
the combustion zone. The success of the method relies on the inability of the reaction zone
to detect the difference between a reduction in gas pressure and a reduction in reaction
temperature which, in this instance, is accomplished by the addition of water.

,-,.m,



'The apparatus employed comprises a supply of air at atmnospheric pressure, a preheat
combustion chamber, a working section containing the flamncholder under test, and
"provision for injecting kerosine and water in well-atomized form into the flowing gas
upstream of the [lanebholder. Sunlicient time and temperature is provided between the
planes of injection of water and kerosine and lihe flaineholder to ensure that both liquids
are fully prevaporized and premuixed upstream of the reaction zone.

"The test procedure is quite simple. The velocity and temperature of the gas Rlowing
over the stabilizer are adjusted to the desired values; the fuel is turned on and a flame
established in the recirculation zone downstream of the stabilizer. Water is then gradually
admixed with the kerosine in increasing an-.ounts until 'xtinction occurs. This procss is
repeated at a sufficient number of fuel flow rates for a complete stability loop to be drawn.

Curves of this type provide a useful means for comparing the basic stability of various
designs of flameholder. The value of the technique is greatly enhanced by the relationship
which has been derived from global roact.ion rate considerations hct-wrn the amount of
water added arid the equivalent reduction in gas pressure. In general, it. is found that
injecting into the combustion zone a quantity of water equal to the kerosine flow rate is
equivalent to halving the gas pressure.

Two rect.- -ngular test sections, size 0.15 x 0.2m and 0.3 x 0.3m, were employed in order
to senarate the effects of flaineholder size from those of flameholder blockage. Several
Vee-gutter flameholders were constructed with included angles of 30, 45, 60, 90, and 180
deg. Normally the flamneholder wazi mounted vertically at- the center of the test, sect..,,,
with its apex pointing upstream. However, one series of tests was conducted with a 180 deg
gutter (i.e., a flat plate) fitted to the top of the test section. The purpose of this

"arrangement was to produce a single-vortex flow pattern in the tlameholder wake instead of
the usual double-vortex formation.

Further tests were carried out on flanmeholders of irregular shape, such as might arise on
the external surface of at, aircraft- due to structural damage. The flaineholders selected for
this study were six Vee-shape gutters manufactured to the same length (14 cm) and the

same trailing edge width of 7.6 cmi. They ranged in included angle froin 3f0' to 180' in steps
of 30'. After measuring the pressure loss arid stability characteristics of all six gutters,
four rectangular strips of material were removed from both sides of each gutter. These
strips were 0.64 cm wide and they extended from the trailing edge to halfway back toward
"the nose. Subsequent cuts were then made, iii steps of 0.61 cmr, until finally the flarneholder
was restored to its original plain-Vee shape, but having half its original width. For all

, configurations measurements were made of pressure loss, acr,,dvnamic blockage, and
"stability performance, the latter using the water injection teciihmi(Im-, as described below.

The experimental program covered the following ranges of velocity, temperature, and
efTective pres.ure as measured in the gases just. upstream of the flanreholder.

Velocity30-220 mIs
,I'emperature373-565 K
Effective pressureU.2-35.2 kI'a

. ....-

= .°..
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T'heorctical Aspc:cts

From considerations of the residence time and chemnical reaction time in tire wake
region of a bluff-body stabilized flames, il. is to rid ildvd lbat, thle influnen ce of operating
conditions and flameholdcr size, geo-metry, and blockage is adequately described by the
following equation for blowoff velocity.

U10'iA*1 3) eP (1)

where U130o blow-off velocity
SL = laminar flamec speedl
C, = flameholder shape factor (1 a/ 139)
B, = aerodynamic blockage of flamicholder

Pr=Prar'dtl number
Re=Reynolds number
Dc=characteristic dimension of Ilarnelolder

Analternative forin of Eq. (1), which serves to demonristrate that blowoft velocity is

proportional to tile square of laminar flamne speed, is tlc following.

U1 8 (1 --C)(( j/' (2)

Equations (1) and (2) were found to predict not only the experimental values of blowoff
velocity obtained in this AI'OSlR research program, but also thle. results obtained by other
workers.

The influence of fuel type on flame stability was also examined. From inspection of Eqs.
()and (2) it is clear that the only way in wvhichi a change in fuel type can affect blowofT

velocity is via the laminar flaine speed, S1,. Hlowever, most hydrocarbon fuel-air mixtures
tend to have very similar values of Sl, usually in tile range between 0.35 and 0.43 rn/s.

Thus, according to Eqs. (1) arid (2) only slight variations shouild be observed in the stability
limits for gasoline (JP 4), kerosine (Jet, A) and diesel oil (DF2), which had been chosen to
represent thle range of fulel types likely to be encountered in aircraft jet engines in thle
forseeable future.

It was found that the stability loops for gasoline, kerosinme andl diesel oil are practically
the same. The slight observed differenices between these fuels is attributed to di.lerenc i i
their latent and sensible heat. requirements, which cause the vapor-air mixture for gasoline
to Ibe higher than that of kerosine which, in turn, is higher than that of diesel oil. Thle
practical significance of this result is that the threat to aircraft safety from external fires
stabilized either by structural protrusions or regions of separated Hlow on tile airframe, is
virtually the same for a relatively low volatility fucl, such as diesel oil (1)F2) as it is for- a

7. fuel of higher volatility, such as J[P 4.

VA considerable number of measurements of l~lowo(-ff velocity were carried out onl
flarneholders of irregular shape. D~etailed miwasurermients of static pressure were carried out
both in an -around thle flameliolder region, in order to establish relationshipun between

flameholder pressure drop, flarneoioder size, shape, aerodynampic dIrag, amid blowolT velocijty.
.eIt was found that for any given flamimelolder size arid blockage, tihe introduction of any

irregularity in flameholder shape tends to reduce the ilame stability. In general the most
effective flameholder is one that, prodluce~s a warke region having the minmininun surface toPm: volume ratio.
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Main Accomplishments

1. Equations have been derived for predicting the blowol" velocity of bluff-body stabilized
flames in terms of fuel type, ambictr air pressure and Lemlperature, flamreholder size
and flameholder geometry.

2. It has been demonstrated both theoretically and experimentally that the threat to
aircraft safety from external fires, stabilized citlier by structural protrusions or
"regions of separated flow on e airframe, is virtually the same for all hydrocarbon
fuels of present or forseeable , est to the U.S. Air Force.

3. For flanicholders of irregular shape it is found thaU any change in geometry which

"increases the surface to volume ratio of the wake region will have aul adverse effect on
flame stability.

Publications

The research led to the publications listed in rcferences 3 to 6 below.

1. Ballal, D.R. and Lefebvre, A.II., "Weak Extiniction Limits of Turbulent Flowing
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Flameholders," Trans. ASME, J. Eng. Power, Vol. 104, No. 4. pp. 853-857, 1982.
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TA. SKIII - SULLXMIA R Y

1. Reporting Period: 11-1

5. 5-81 through 3-31-86.

"2. Starting Date: 11-15-81.

3. Objectives: The objectives are (i) the determination of (a) fluid dynamics of a cavity
with external and intefrnal flows and with an opening in a side wall and (b) ignition and
flame stability of a fuel jet issuing out of a protrusion in a cross-flow of air and (ii)

:prediction of flowfields to determine the significance of mixture ratio and residence time
distribu t ions.

4. Relevance: The research is relevant to (a) aircraft void space fires and thus aircraft fire
safety and (b) design of gas turbine and ramjet blocker-type injectors. Fundamental data
pertaining to (a) secondary flow venting into a cavity flow from an external flow, (h)
flowfield in the vicinity of variously shaped protrusions with different shapes and sizes of
jets through them and (c) ignitability, flame stability and lean mixture ratio limits with
respect to geometrical and flow characteristics have been generated.

5. P'incipal Findings: (i) Secondary flow into a cavity from an external flow can occur in
the inward or the outward directions through an opening in the wall and, under certain
conditions, in both directions simultaneously, but only with a vortex pattern in the opening.
(ii) The Stronhal number corresponding to the occurrence of characteristic structures in the

jet, entrainment of the jet material around the protrusion and mixing pattern depend upon
geometry and flow parameters. (iii) Ignitable locations, lean limit of mixture ratio, flame
stability and flame location depend upon generation of vorticity ,enters, shear layers and
recirculation zones in relation to the protrusion and the jet. (iv) Predictions of inert and
reactive flowfields confirm in a general fashion the experimental findings under (ii) and (iii)
of the foregoing.

6. Publications: Three publications have been generated and are included in tile list of
References.

7. Interactions: Results of research and various aspects of unsolved problems have been
discussed with the following: Fuels and Combustion and Aircraft Fire Safety branches of
Wright-Patterson AFB; National Bureau of Standards; Boeing Airplane Co.; Sandia
National Laboratories, Livermore, Applied Physics Laboratory, Johns Hopkins University;
and NASA-Lewis Research and Ames Research Centers.

8. Personnel: In addition to three students, Professor (Imerit u•) C. F. Warner
participated in the project. along with the l'rincipal Investigator.



13

1. INTRODUCTION

Two topics of research have received attention tinder the project, namely:

(1) Secondary flow into a cavity from an external flow when there is an opening in the side
wall of the cavity, as a function of velocity and pressure ratio.

(2) Ignition and flame stability characteristics of a jet of gaseous fuel through a protrusion,
issuing into a cross-stream of air.

The major effort has been devoted to topic (2).

1.1. Relevance of Research

Topic (1) is of interest wherever there is a secondary lowv into a cavity ilow from an
external flow. In particular, external and internal flows with sunall differences in pressure
and in velocity are of interest in aircraft void space fires. The topic is also of relevance in
the design of gas turbine combustor walls.

Topic (2) is of interest in aircraft, void space fires, ignition, flame stability and flame
propagation characteristics. It is also of relevance in the design of blocker-type fuel
injectors for gas turbines and certain ramjet configurations.

A variety of investigations have been reported in the literature on jets in cross-flows,
but they relate to jets issuing directly out of a boundary wall. One method of controlling
the entrainment and them mixing of a jet in cross-flow is to utilize a protrusion located
over a wall for issuing the jet. Both the geometry of the protrusion and that of the jet
become parameters that can be selected to obtain desired flow interactions. The flow
interactions determine the distribution of residence time and mixture ratio in relation to
the protrusion and the jet.

1.2. Outline of Report

Section 2 provides a description of the test rig. The investigation on secondary flow
into a cavity flow from an external flow (Topic 1) is described in Section 3. The
investigation on ignition and flame stability (Topic 2) is described in Section 4. A
discussion of results is presented in Section 5.

I.

. . . . . . . .. . .... . . .. ..... ._. . .• . . . .- -- •
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2. TEST RIG

Two test rigs have been assembled as follows:
(i) Test rig for cold flow studies; and

(ii) Test rig for combustion studies.

2.1. Test Rig for Cold Studies

A schematic of the test rig is provided in Fig. 2.1. The test cavity (1) is built withtransparent plexiglass sheets. The adjoining cavity (2) with the free stream flow is also

shown in the figure. The speed and pressure of airflow can be adjusted in (1) and (2); the
velocity can be varied in the range of 10-25 mps in (1) and 20-100 mps in (2), and the
pressure difference between (1) and (2), 0,5-1.2 psi. Cavity (1) is the actual test section and
(2) represents the "surrounding" or "adjoining external" flow. Figure 2.1 also indicates the
gravitational action direction, noting that gravity is a consi.dration in low speed
combusting flows.

The test rig has been utilized for (a) flow visualization and ()easurement of overall
flow quantities.

In cavity (1), the test section, a variety of protrusions can be incorporated as well as
' various shapes of walls for attaching the protrusions. These are illustrated in Fig. 2.2.

By mixing smoke into the low speed jet flow, one can study the jet mixing and spreading
characteristics.

2.2. Test Rig for Combustion Studies

The test rig is essentially the same as illustrated in Fig. 2.1. Modifications have been
made by (a) replacing (1) and (2) with stainless steel and steel bodies, respectively, (b)
providing methane gas injection into the test section (1), (c) introducing an ignitor, and (d)
locating quartz windows for optical observation.

Other instrumentation and diagnostics are being (-xamined.

The ignitor design is shown in Fig. 2.3. It can be observed that the source of ignition
can be moved both radially and circumferentially in relation to the jet through the
protrusion and the gravitational direction.

2.8. Preliminary Tests

The cavity flow was measured and adjustments made to the apparatus to ensure that
(a) the flow velocity was uniform over each part of the test section flow to within one per
cent of the mean flow and (b) the turbulence intensity in the air sticzams was under 2.0 per
cent.

The momentum boundary layer thickness over the wall with the protrusion was
measured and found to vary between 1.5 and 2.0 nirn. It was possible to reduce the
boundary layer thickness to 0.5 mim. in selected tests. It may be pointed out that the
smallest height of any protrusion tested was 3.0 mm.L
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3. SECONDARY FLOW INTO CAVII'Y

The parameters varied during the tests were: static pressure and velocity of cavity
flow; static pressure and velocity of external flow; and diameter of the circular opening in
the side wall.

8.1. Results

The secondary flow into the cavity as defined in terms of a parameter, called the flow
parameter, defined as follows.

FlowParameter = ni,/.Apl"' (3.1)

where in, A and p1 represent the mass flow entering the cavity, the area of cross-section of
the opening and the density of the cavity fluid, respectively. I represents what is called the
pressure difference parameter, defined as follows.

I = 1 + AP 12/q1  (3.2)

where AP12 is the difference in pressure between the cavity and the external fluids and q,
the dynamic head in the cavity.

Experimental results obtained over a range of flow velocities, pressures and size of
openings are presented in Fig. 3.1 in terms of mass flow parameter as a function of pressure
difference parameter.

Several regimes of flow were found to exit depending upon the relations between V1, V2,
and VWr, ( )1, ( )2 and ( )•,, denoting the cavity flow, the external flow and flow through the
opening, respectively. The latter was defined as JAP 1T/pj' where p was the mean value of
density across the opening. In particular, three regimes were recognized as follows.

Regime 1: V1 > Vrer and > V,;
Regime 2: V2 <X r,,d and > V2;

Regime 3: V1 < Vr, and < V2.
It was found that

"(i) there was a vortex formation at the opening in regime 2;

(ii) the flow was bidirectional in regime 2;

(iii) the flow was nonsteady in regimes 2 and 3; and

(iv) the flow reduced in regime 2 compared to regimes for the same pressure difference and
area of cross-section of opening.

Although no extensive measurements were made to determine the influence of the height
of the opening, equal to the thickness of the wall with the opening, it was found that
regimes 2 and 3 were affected by an increase in thickness of the wall, especially the
unsteadiness of the flow.

A.
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4. IGNITION AND FLAME STABILITY OF FUEL JET TIMROIGI PROTRUSION IN
CROSS-FLOW

The investigations consisted of the following:

(1) Flow visualization;

(2) Ignitability of gaseous fuel jet;

(3) Flame structure;

(4) Lean limit for ignition; and

(5) Prediction of inert and reactive flowfields.

The parameters varied were as follows:

(1) Geometry of protrusion in terms of height shape, and orientation, when relevant, and
cros.5-sectional dimension;

(2) Geometry of jet given by the diameter of the jet and its r-latiTnn to the cross-sectional
dimension of the protrusion;

(3) Air and fuel velocities; and

(4) Wall (momentum) boundary layer.

The fuel gas utilized was propane or methdne, the latter principally when determining
lean ignition limits. The highest purity, commercial grade fuel was utilized.

4.1. Flow Visualization
The flow visualization studies were divided into the following.

(1) Visualization of flow over the wall with the protrusion;

(2) Visualization of flow pattern around the protrusion by injection of smoke; and

(3) Visualization of jet flow utilizing smoke as a tracer.
The smoke was generated utilizing a smoke geerator operated with fog juice. Utilizing
ordinary light, observations were made with the naked eye and then recorded with a still
and a Dyntax camera, the exposure times being about one microsecond and the moving
pictures taken at a rate of, up to, 20,000 frames per second.

Various aspects of results obtained are presented in Ref. 3.1, which has been included in
Appendix 111.1. to this Report.

4.2. !gnitability of Gaseous Fuel Jet

Ignitability of the fuel-air mixture at any location was defined as the ability to ignite a
mixture when the ignitor was held, with ignition energy on, for a period of 60-100 seconds
and to obtain a stable flame when the ignitor was turned off.

In each experiment, with a given protrusion, air flow and fuel gas flow, the ignitor
located at a particular radial distance from the axis of the fuel jet was traversed

circumferentially and height-wise to determine all of the locations at which ignition was
possible according to the criterion mentioned in the preceding part.. The ignitor was then
moved to the other radial location and the series of trials was repeated.
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The experiments were carried out with a number of protrusions of various shapes and
heights, set in different, orientations when meaningful. A photograph of various protrusions
examined is presented in Fig. 4.1.

The results obtained in a few selected cases are summarized in Ref. 3.3, attached in
Appendix 111.1 of this Report.

4.8. Flame Structure

The location and shape of the flame were obtained in each of the cases where the flame
was stable according to the criterion employed in Seo..ion .1.2., utilizing high speed
photography. The shortest photographic film exposure time utilized was one millisec. In
each case, at least two views of the flame were photographed, one along the axis of the jet
and the other in the plane containing the axis and the cross-flow direction.

The objective in obtaining the photographs was to determine, at least on a semi-
integrated basis, the location and shape of the flame in relation to protrusion geometry, xir
and fuel flow parameters and fuel jet.

A number of pictures obtained in selected cases are provided in Ref. 3.3, included in
Appendix 111.1 to this Report.

4.4. Lean Limit for Ignition

In continuation of experiments on ignitability discussed in Section 41.2, experiments were
performed in each case to establish the lowest fuel-air mixture ratio at which the flame was
stable. It will be recalled that flame stability was part of the criterion for ignition. In the
subsequent experiments, the fuel flow rate was reduced, while keeping the air flow rate
constant, until the flame was just unstable or extinguished and the lean mixture ratio was
noted as p. limiting value. It is obvious that this limit is not related to ignition location
and is strictly a flame stability limit related to mixture ratio and residence time.

Exp,,riments were performed with both propane and methane gas. Differences were
observid both with respect to locations at which ignition was possible, ignition energy
required and lean mixture limit. Generally methane was more difficult to ignite, requiring
both increased methane flow rate and also larger ignition energy.

Results of observations in selected cases are presented in Ref. 3.3., attached in Appendix
111.1 to this Report.

4.5. Predictions

The objective in obtaining predictions of the flowfield was to oLain the distribution of
velocities and the distribution of concentration of fuel around the protrusion and then
determine, under the fast chemistry assumption, the heat released by chemical reaction.
Calculations were performed both under inert and reactive flow ca-ses, Although it was
found that inclusion of turbulence parameters did not affect the flowliehl substantially, a

standard (kc) type of model was included in all of the predictions. The reaction between
propane and air was considered on the basis of one-step, equilibrium, fast chemistry.

The predictions were performed utilizing a modified version of the so-called lPI-OENICS
code, developed originally by CIIAM, Ltd., of the U.K., and distributed by CHAM, Ltd. of
America. The code provides a means of performing three-dimensional, turbulent,
chemically reactive flowfield calculations. In the current calculations, the code was utilized
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in a semi-parabolic formulation with specified wall functions. A variety of grid
diý,tributions was tried, although entirely on an adi hoe basis, and it. was found that the use
of approximately 20,000 modes distributed in the three orthogonal directions and about 200
iterations was adequate to obtain adequate convergence of results and recognizable
patterns of flow.

Predictions of inert and reactive flows performed in a number of cases have been
presented in Refs. 3.1-3.3, all of them included in Appendix 111.1 to this Report.

5. SUMMARY AND CONCLUSIONS

The two major aspects of the investigations are (i) Fluid dynamics of flow into a cavity,
through an opening in a side wall, from external flow and (ii) ignition and flame stability of
a fuel jet th; -ugh a protrusion in a wall with a cross-flow of air.

5.1. Fluid Dynamics of Flow into Cavity Through an Opening in a Side Wall from an
External Flow

(i) Three regimes of flow are possible: (a) pressure driven flow into the cavity from the
external flow; (b) flow that is bidirectional, being spatially and temporarily
reversing in direction; and (c) flow with a slight ejector action due to difference in
velocity between the external and the cavity flows.

(ii) During bidirectional flow there usually is formed a vortex at the opening in the side
wall. The unsteadiness in the flow may be associated with the formation of such a
vortex.

5.2. Ignition and Stability of Fuel Jet Through Protrusion in Cross-Flow

Several observations may be made based on data obtained in preliminary studies.

(i) The flowfield in a rectangular region of dimensions 8x4x4 units of protrusion cross-
sectional size is fully three-dimensional with several singularities, recirculation
zones and concentrated regions of vorticity. It appears that no closed streamlines
exist, although this observation is based on "integrated" planar viewing and
recording of flow.

(ii) The observations from surface paint photography of the cavity wall with protrusion
illustrate the nature of singularities occurring both upstream and downstream of
the flow. However, it would be incorrect to discern from such pictures the
distribution of shear stress since simple topological considerations cannot be
directly applied in such flows 1.

(iii) The observations from surface paint photography of the top surface of the
protrusion show the influence of the ratio of the jet diameter to the cross-sectional
size of the protrusion. It appears that there is a critical range of the ratio within
which the surface includes upstream low pressure regions with strong vorticity
concentration. In photographs of smoke trace through a jet of, for example, 6.0
mm. issuing out of a cylindrical or cubic protrusion of cross-section equal to 12.0
mm., it is found that the jet spreads upstream over the surface and there is some
entrainment of the jet upstream of the protrusion. When the jet size is about 3.0
mm., no such upstream effects arise.
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(iv) The observations from photographs with smoke injection (through a hole of 0.01
cm. located at about mid-height of a 12.0 cm. protrusion) into the upstream region
of the protrusion show the formation of vortices related to the stagnation of the
flow, at least one of them clockwise towards the wall and a second counter-
clockwise away from the wall. No further discrimination has become feasible and
one can only conclude that strong interactions are likely to occur between such
vortices, flow pattern generated over the protrusion top surface and the jet.

(v) The flow pattern over the protrusion surface (the two side walls in the case of a
cuboid and the cylindrical surface in the case of a circular cylinder) is a function of
(a) the local wall boundary layer thickness in relation to the height of the
protrusion and (b) the orientation of the protrusion with respect to the streamwise
direction in the case of bodies with corners. The influence of secondary flow
generated by a corner on the main stream is very significant in the entrainment (of
all but small jets) around the protrusion.

(vi) Finally, an attempt was made utilizing a stroboscope to establish a relation
between the observed periodicity in vortex structures and the geometrical and low
parameters. It may be pointed out that the frequency obtained with a protrusion
of large height corresponds more nearly to that of a simple jet in cross-flow. The
effect of jet diameter on frequency is not clear.

The ignition and flame stability characteristics of a jet through a protrusion i'i cross-
flow depend in a complex fashion upon the flowfield interactions. It is often of interest in
the case of ',wo-dimensional flameholders to determine an equivalent aerodynamic body to

analyze flaie stabilization. A three-dimensional blocker cannot be treated on such a

simple basis. The cross-sectional dimensions of the protrusion and the jet and the height of
protrusion can be utilized, however, as parameters for controlling ignition and flame
stability for given jet and cross-flow velocities.

The overall test program was based on 120 combinations of a variety of parameters in

each series of tests: (i) protrusion cross-section and height, (ii) jet cross-section, (iii) cross-
flow and jet velocities (iv) gaseous fuel composition. Similarly, a large number of cases was
predicted.

The flow visualization pictures demonstrate the strong role of vortex flow generated by
the protrusions in determining flame structure, intensity and location. At given jet and
cross-flow velocities substantial d'iferences can be observed both in the flow at the
boundary wall and in flame devc!opmcnt for the three cases of cylindrical and side-oriented
and corner-oriented square protrusions. A reduction in cross-flow velocity by an order of
magnitude int.'oduces substantial changes in the flow and combustion characteristics; no

simple similarity rules can be constructed.

The ignition characteristics for three protrusions are also not governed by simple
similarity considerations. It has been found that there are specific locations where ignition
is feasible for given geometry and flow conditions, the locations varying three-dimensionally
relative to the protrusion.

A nimber of limits to ignitability and flame stability were found with respect to the

shape and height of a protrusion and the size of the jet. The cylindrical protrusion was

foiid to give the "best" ignition and flame stability compared with the square protrusion in
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either orientation. The "best" designation refers to the number of concentrations of jet
diameter and ignitor location at which ignition and stable flame were possible. In tile case
of the square protrusion, the side-oriented configuration proved "better" than the corner-
L-riented configuration. Whereas the case of side-oriented protrusion, some entrainment of
jet material was found, upstream of the protrusion with jets of diameter larger than half
corner-oriented protrusion. Below a minimum height of protrusion it was not possible to
ignite the fuel whatever the cross-section of the protrusion and the jet and also the flow
velocities. Similarly, below a minimum jet. diameter, ignition was not possible in all cases.

The manner in which the flame becomes stabilized by the protrusion, when there is
flame stability, is not necessarily by attachment to the protrusion. The flame in fact may
be detached from the protrusion. Such detachment indicates the existence of vortex
centers or stagnation regions in the vicinity of the protrusion that can act as flame holders
while the region between such centers and the protrusion does not have the required
composition or residence time to extend the flame to the surface of the protrusion. It was
found in such eases that the protrusion remained cold even after several minutes of
combustion, although it should be pointed out. that the protrusion carried a cold jet of fuel
through it.

The predicted velocity distributions are qualitatively acceptable downstream of the
protrusion but do not reveal the details of flow ahead of the protrusion, that can be
observed in flow visualization. in view of the interactive nature of velocity and
concentration distributions, predicted concentration distributions and enthalpy generation
in reactive flow cases are subject to the same limitation.

The principal observations from predictions are as follows.

(i) The overall flowfield, including formation of main recirculation distribution and
reaction zone shape and location, is predicted by the PIIOENICS code as adapted
and used here. The predictions are adequate to examine the ignitability of the fuel
jet and the stability of flame, based on residence time and mixture ratio
considerations.

(ii) The major features of flow interactions do not seem to depend upon turbulence very
greatly although the investigation was limited in examining turbulence modelling.
Even such features as entrainment of the jet material into upstream sections seem to
depend primarily on mean flow interactions.

(iii) Details concerning jet structure of flowfield development in the near field region of the
protrusion are poorly recovered. While substantial advances have been made as in
Refs. 6 and 8 in those regards, it is not expected that the current formulation can
yield three dimensional critical flowfield conditions. From the point, of view of design
of protrusion/jet shape and height/width, even the influence of corners can be
established in the predictions, but not the complete details in the vicinity of corners.
At the same time, the distribution of u and w components at N-) plane do indicate
at least the location of the horseshoe vortex and the reverse flow regions enclosed by
it.

I i I I I ! i
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EXPERIMENTAL CONFIGURATION

"* TEST SECTION: 15Xl0X60 cms

"• FREE AIR FLOW VELOCITY:
20- 100 m/s

0 0 DENOTES AIR
f DENOTES FUEL
p DENOTES PRODUCT

a) b)

TestDI----00
Section -' "- Dj
Flow I

c) d)

Section A-A

"Surface 1 Jet Flow
Curvature

PARAMETER RANGE
D;- 0.5 in.

Ih 0.125- 0.5 in.
"RDj/Dp 0. 125-0.n75,

'"R cOI + and -
'"VI 10- 50 fps

LReL= I ft 50- 250X 103
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FLOW THROUGH AIR VENT
*PARAMETERS

Wallo- D -- h- fThickness

, --- VOID SPACE FLOW

*REGIMES WITH AP0 12 > 0

"t•P0 12 = P 0 1- P2 ;' P 12 P- P 2

I. VI > V(A P12 /2p) and > V2

2. VI < "and > V2

3. VI < and < V2

• CONCLUSIONS
I. VORTEX FORMATION IN CASE 2

2. FLOW BIDIRECTIONAL IN CASE 2

3. FLOW NONSTEADY IN CASES 2 &3

4. FLOW REUJCED IN CASE 3

COMPARED TO CASE I

-BASED ON CONSTANT D & D/t

FIG. 3.1 FLOW THROUGH AIR VENT: PARAMETERS
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I FLOW THROUGH AIR VENT (CONTINUED)
*RANGES OF PARAMETERS

D,'jO.25 -0.50 in.
&PI2 ,,-,0.5-1.50 psi

VI, V2 ,'-' 30 - 75 fpm

0.7- - Vl < V2

V I a V2•i ,'0.6-

0.5

0.4-

0.3•

0.2

0.1t

0 1 3 10 20 3023

I EI AP12 /q];f~r/AP 12

FIG. 3.2 CORRELATIONS OF FLOW THROUGH VENT
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Abstract

A simple method of affecting a reactive jet in compared to the case of a simple round jet in a
cross-flow is to introduce the jet through a wall cross-flow past d flat plate: protrusion geometry,
protrusion of chosen shape and height. The result- ratio of jet cross-section to a relevant cross-
ing flowfield, including structure of the jet, en- sectional dimension of the protrusion and height oftrainment into it, its spread and reattachement/ protrusion in relation to the thickness of the wall

dispersion, reaction zone geometry and enthalpy boundary layer. Attention is again restricted here
release, depends upon the interaction between the to protrusions of height equal to one or more times
jet and the wake of the finite height protrusion, larger than the wall boundary layer thickness.Based on physical observations of the flawfield, a

model has been developed for the turbulent reactive Two typical protrusion cross-sections of In-
flowfield. Numerical predictions of the flowfield terest are the circle and the square, shown in Fig.
obtained with a semi-parabolic, finite difference 2(a). The square protrusion provides an opportun-
solution procedure applied to turbulent three-di- ity for tw;o major orientations with respect to the
ensional flow equations illustrate the nature of oncoming flow. Figure 2 provides a schematic of a

overall interactions, laboratory test set-up for the flow under consid-
eration.

1. Introduction
1.1. Relevance. The problem of jet through a wall

The gaseous Jet in a cross-flow has been and protrusion in cross-flow is of interest in a number
continues to be a subject for investigation (Refs. of problems of fuel jet ignition, flame stability
1-6) in many contexts; combustion in engines and and flame propagacion in gas turbine and ranjet
in furnaces is one such context and adds further combustors with "blockers" and also in fuel tank
comolexities to the interactions. Three problems fires following rupture of tank skin by external
of Interest even in a gas jet discharging Into a impact. Some aspects of such relevance can be
gaseous crossflow are(i) the mean flowfield of the found in Ref. 7.
jet, its penetration and spread and its eventual
dissipation or reattachemnt on the boundary wall, 1.2. Outline. In Section 2 a brief discussion is
(i) tha mean flowfield around the jet including presented of certain experimental observations
the horseshoe vortex and wake, and (iii) the struc- made in the test set-up illustrated in Fig. 2. We
tural features of the jet, the large and small are principally concerned with the prediction of
scale structures within the "et, that are respon- such flowfields. A scheme for flowfield predic-
slbte " rentrainment and hence the mixing of the tions including chemical reactivity between oxy-
jet. The flow interactionr between the jet and the dant (air) and fuel (methane gas) is presented in
cross-flow invariably involve turbulence. Figure I Section 3. The results may be intrepreted
is a schematic representation of the flowfield, in relation to mixture ratio and residence time of
following Ref. 3. mixture that result from connectedness of the en-

tire flowfleld including vorticity centers.
The flow interactions are governed by (a) the te

Reynolds number and the boundary layer features of 2. Experimental Observations
the cross-flow, (b) the ratio of Jet momentum to
the cross-flow momentum, (c) the geometry of the The preliminary experimental studies were
Jet, (d) the turbulence characteristics of the two divided into three parts: (I) flow past protur-
flows and (e) the state and molecular properties. sions, (ii) flow interactions between jet and
Attention is restricted here to cold flows with cross-flow and (iii) combustion experiments with
little difference in temperature or pressure, an ignitor that could be traversed circumferentially
although the composition of the two flows may be and radially around the protruslon. It may be
different; for example, cross-flow of air and a jet pointed out that the test cavity was supplied with
of gaseous fuel such as methane or propane. air at near-atmospheric pressure, the velocity of

flow ranging over 5-30 m/sec. The protrusion cross-
Modifications to the flow interactions in a sectional dimension was 12.5 mm. with jets of diam-

Jet in cross-flow configuration can be irtrcluced eter equal to 3.15, 6.30 and 9.50 mm. in different
through three types of geometrical changes. (I) cases. The height of the protrusion was varied
shape of boundary wall in the vicinity of the jet, over the range of 0-12.5 mm. The Reynolds numbers
(ii) jet shape end exit •onditionS and (lii) intro- based on cavity dimensions, protrusion height and
ducing a wall protrusion through which the Jet Jet diameter are of the order of Ix105 , IxlO' and
issuks. The latter provides opportunities fo- ccn- 1x103 , respectively, in a typical case. In com-
trolling various features of flow tnteractions bustion experiments, the jet material was methane
through (a) selection of the location at which the or propane gas. A small ignitor of 0.5 mm. dia,
Iet is inJected into the cross-flow and (b) obtain- was traversed around the protrusion, the circum-
irg various flowflelds around the protrusions of ferential location (relative to the mean cross-flowdif Ferent shapes and hence modification of Inter- direction), the radial location (,..dith respect to

ac-tion of the Jct flow. the axis of the jet) and height (relative to the
height of the protrusion) being adjusted parame-

Jet through a wall protrusion in cross-flow trically (Fig. 2(c)).
then provides the following additional parameters

-%.
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